We suggest an explanation for superluminal phenomena based on wave-particle duality of photons. A single photon may be regarded as a wave packet, whose spatial extension is its coherence volume. As photon propagates as a wave train, its velocity is just the speed of light in vacuum. When it tunnels through a barrier as a particle, its wave function collapses and it travels faster than light. But superluminal propagation can only occur within the coherence length, and the duration is constrained by uncertainty principle. On the other hand, a particle with non-vanishing mass cannot travel faster than light. So superluminal phenomena do not violate causality. We explain the principles of existing superluminal experiments and propose three types of experiments to further verify superluminal phenomena. The first is to show that a single photon is equivalent to a wave packet, which occupies certain spatial volume. The second demonstrates that superluminal phenomena can only occur within the coherence length. The third indicates that negative and superluminal group velocity in anomalous dispersion medium is merely a reshaping phenomenon of the pulse, and it will become subluminal at large distances.
Introduction
Various experiments have been performed on superluminal phenomena in recent years, which include barrier tunneling of photons [1, 2] , microwave tunneling through undersized waveguide [3, 4] , superluminal experiments of microwave in open space [5] [6] [7] [8] , microwave traversing double-prism [9] [10] [11] , light or electromagnetic pulses traveling through anomalous dispersion region [12] [13] [14] [15] [16] . For a review of superluminal issue, see [17] . The superluminal phenomena in barrier tunneling are usually explained with evanescent waves, which are accelerated through potential barriers and therefore travel faster than light. The negative group velocity in anomalous dispersion region is believed to be related to reshaping of the pulse. Both of the superluminal phenomena are further analyzed in the paper. The explanation of barrier tunneling is based on the wave-particle duality of photons. We think that a photon can tunnel through a barrier as a particle, and the tunneling is actually a collapsing process of the wave function. The traversal velocity during the tunneling process may be superluminal. However, the advancement shift of the peak of a pulse in anomalous dispersion region is not the true superluminal propagation, it is only the pulse shape deformation arising from the different frequency (or polarization) components traveling with different velocities in medium. The propagation speed of each photon of the pulse cannot exceed the speed of light in vacuum. The negative group velocity can be obtained only when the spatial length of the pulse is much larger than the medium thickness. A couple of experiments are proposed to further verify superluminal phenomena.
Explanation for superluminal phenomena

The superluminal tunneling of photons through a barrier
Let's start with the spatial extension of a single photon. We know that the energy of a photon is ω h = E and the wavelength is ω π λ , we should regard that its frequency fluctuates around ω . Accordingly, a photon should be viewed as a wave packet instead of a point-like particle and its spatial * E-mail address: zhlzyj@126.com extension is within a limited region. Then how large is its spatial extension? It cannot be the scale of one wavelength, otherwise we can hardly understand the single-photon interference experiment [18] . As interference can only occur when the optical path length difference is smaller than the coherence length, we may think that the extension of a single photon in propagation direction is its coherence length. For a pulse, its coherence length is with λ λ Δ = / 2 l λ Δ the spectral width. For a single photon, λ Δ should be understood as the uncertainty of the wavelength λ . The coherence length of a photon is usually larger than its wavelength, it may comprise several to thousands of wavelengths. Similarly, the whole spatial extension of a photon is its coherence volume. The wave packet of a single photon is in essence equivalent to that of a pulse except that there are large numbers of photons within the coherence volume due to their bosonic property. In order to have an intuitive understanding of superluminal propagation in tunneling process, we give an analogous example in our life. Suppose a walker is walking with the step of and the frequency of , and there is a road-block with the height of s f H and width of over the way. The height that the walker each time raises his feet is . If , the walker can waltz through the road-block in most of the cases. But in a special case, for example, the walker's foot just touches the edge of the road-block, he would stumble or even fall down. So the walker may pass through or fall down based on the different start points. This example corresponds to the situation where a beam of light is incident on a medium. Some of the photons will pass through and the other will be reflected based on their different initial phases or quantum states. Now let . If the walker still walks in his initial manner, he certainly cannot pass through. But he can leap over the road-block given his leaping distance is larger than . This situation corresponds to the barrier tunneling of photons.
Suppose the energy of the photon is and the height of the barrier is . By analogy with the above example, the photon must borrow at least the energy
to traverse the barrier. Then another question arises: how far can the photon tunnel through the barrier each time? The tunneling distance cannot be arbitrary long. As interference can only occur within the coherence length, we assume it to be the coherence length. In fact, when we use Schröedinger equation to solve the problem of barrier tunneling, we have implied that the tunneling should occur within the coherence length, which can be seen from the wave function in the barrier region
which means that the incoming and reflected waves are coherent, otherwise the subsequent calculations of coherent superposition are invalid. So tunneling as well as resonance transmission must occur within the coherence length. To ensure that the forward and reflected waves in the barrier region are coherent, the coherence length of the wavepacket must be at least twice the barrier thickness. We may continue to imagine: what happens during the tunneling process? We see that tunneling is unlike wave propagation. For the instance of the walker leaping over the road-block, both of the initial step and velocity do not have any sense. Similarly, we think that when a photon traverses a barrier, it is as a particle instead of as a wave train. In other words, the wave function of the photon collapses. is only the speed limit of light propagating in vacuum, but for the instance of photon tunneling through a barrier, its velocity can exceed , just like the instance that the walker's leaping speed is greater than his walking speed. Besides, we see that when a photon tunnels through the barrier as a particle, its phase remains unchanged, which just explains the principle that the phase of evanescent wave remains constant during the tunneling process.
c c
A photon needs to borrow energy E Δ to tunnel through a barrier, which we think can be borrowed from vacuum given that it can be returned within the time interval . In this case, the t Δ uncertainty relation can be written
The borrowed energy should at least be
According to above relation, we have
It can be seen that when the height of the potential barrier is fixed, the tunneling time of the photon is no longer than
. This is the upper limit for a particle to traverse a barrier, i.e., for a fixed particle energy and barrier height, the tunneling time of the photon cannot exceed the value given in Eq. (3), otherwise the particle cannot tunnel through the barrier. If we only increase the thickness of the barrier and do not change the height of the barrier, t Δ will tend to the saturation value . This is the saturation effect for a particle to tunnel through a barrier. It is obtained directly from the uncertainty principle and similar to Hartman effect. But the expression is different from the transmission time of Hartman effect, which is [19] )
Eq. (4) is obtained from Schröedinger equation, so it holds only for non-relativistic particles. While Eq. (3) holds for all the particles, including relativistic and non-relativistic particles. We summarize as follows. When the barrier height is less than the photon energy , most of the photons can pass through the barrier in wave state with a speed less than . If > 0 V E c 0 V E , only a small fraction of the photons can tunnel through the barrier in particle state by borrowing energy from vacuum with a speed greater than . In this case, the coherence length of the photons must be two times larger than the barrier thickness and the tunneling time must be within the time interval allowed by uncertainty principle. 
The superluminal propagation in anomalous dispersion media
The propagation process of light in medium is much more complicated than that of in vacuum. In addition to the wave propagation of photons, there exist interactions between photons and electrons. When the photons pass through the medium, they may interact with electrons and be absorbed and then be reemitted. It should be noted that the absorption and emission processes are also the collapsing process of the wave functions. Both of the processes may proceed at a superluminal velocity. But there will be a break between the two processes, so the whole propagation process is subluminal. Only the fraction of the photons that do not interact with the electrons can travel with the speed of , and these photons form the wavefront. As there are large numbers of electrons in medium, the probability that the photons do not interact with any electron is the smallest and so is the amplitude of the wavefront. The second smallest amplitude is the photons that interact with only one electron and the next is the photons that interact with two electrons······. Certainly, the probability that the photons interact with all the electrons is also the smallest. c For a light or electromagnetic pulse which comprises large numbers of photons, we should also take into account the shape deformation arising from the different propagation velocities of the photons with different frequencies, i.e. reshaping phenomenon. This can be explained with the superposition of waves or interference effect. We have supposed that a photon occupies certain spatial volume and its extension in propagation direction is its coherence length. When a large number of photons with different propagation velocities coexist within the coherence length in dispersion medium, the interference effect of these photons will result in the shape deformation compared to its initial shape. For normal dispersion medium, the interference effect will result in the delay of the peak of the pulse. While for anomalous dispersion medium, the interference effect will result in the advancement shift of the peak. We may understand intuitively the reshaping phenomenon as follows. The photons with higher frequency have faster propagation velocity in anomalous dispersion medium, while those with lower frequency travel slowly. As the photons with higher frequency concentrate mostly in the rising and falling edges of the pulse, the rising and falling edges of the pulse will shift forward compared to the initial pulse. In this case, only the shape of the pulse changes. The wavefront does not advance, i.e. its velocity is still . c In the experiment of Wang and co-workers [12, 13] , the time required for photons to traverse the 6cm length of the cesium vapor cell is 0.2 ns, while the advancement shift of the rising and falling edges of the pulse is 62 ns. Even if the pulse propagation in the cell did not require time, the advancement shift of the peak would be 0.2 ns. This is the puzzle brought out by the experiment. In order to solve this paradox, let's start with the expression of group velocity
where is phase velocity, which is the average velocity of the whole pulse after taking into account the interactions between photons and electrons and is always smaller than . The second term in the above equation is the deformation velocity of the pulse arising from the interference effect during the propagation process. For anomalous dispersion medium, we have and the peak of the pulse will shift forward. The reshaping process is also a process of wave packet collapse and may proceed at superluminal speed. For anomalous dispersion medium, it can be seen from Eq. (5) 
which is just the formula derived by Rayleign. On the other hand, we can also get
For anomalous dispersion medium, we have 0
, negative group velocity will appear, and Eq. (7) is the theoretical foundation of the existence of negative group velocity. For example, the discussions of negative group velocity in [13] and [15] are based on Eq. (7). We see that both Eqs. (6) and (7) are derived from the definition of group velocity. They are correct from the point of view of mathematical expression. For anomalous dispersion medium, Eq. (6) is always positive while Eq. (7) can be both positive and negative. Then which expression is more reasonable? We know that a pulse has a certain spatial extension. For example, in the experiment of Wang and co-workers, the pulse width is 3.7 us, which corresponds to the spatial length of about 1 km. As the motion of the peak involves large numbers of photons at different locations of the wave packet, i.e., the motion of the peak is the collective motion of lots of photons, we must measure the propagation velocity of the peak in the medium in a long period of time, e.g. longer than the pulse duration, to get the group velocity. As both Eqs. (6) and (7) are instantaneous velocities measured in an infinitesimal time interval, they cannot describe correctly the propagation velocity of the peak of the pulse. Relatively speaking, Eq. (6) is a little more reasonable.
We further analyze the group velocity from the actual measuring process. Suppose two identical pulses start out simultaneously, one traverses an anomalous dispersion medium, and the other propagates in the air. If we record the instants when the peak of the pulse enters and exits the medium to obtain the time needed for the pulse to traverse the medium, and then we divide the length of the medium by the time, we get the traversal velocity of the pulse, which is always positive and may be superluminal. But we cannot record the instants when the peak of the pulse enters and exits the medium, so we have to make use of another measuring method, just as Wang and co-workers did in the experiment of [12] . After both of the pulses have crossed a same distance, we compare their waveforms on the oscilloscope to determine the time difference between the arrival instants of the peaks. This measuring method will bring confusion when the length of the pulse is much longer than that of the medium. In order to explain this phenomenon, we illustrate with an appropriate example. Suppose a person competes with a giant of 500 m stature. The speed of the person is 10 m/s, and that of the giant is 9 m/s. During the racing process, the giant can tilt 30 degrees forward, and the tilting speed is much larger than the racing speed. Let the racing distance be 100 m. If we record the arrival instants of the racers, we find that the giant's speed is much larger than that of the person due to the tilting of his body, but it is always positive. Now we switch to another recording manner. We compare the distance difference between them after they have both completed the race. We find it to be 250-11=239 m, that is to say, the giant arrives about 24 s earlier than the person. From the viewpoint of the person, this situation is inconceivable. Even if the speed of the giant were infinity and the time required to traverse the course were zero, the giant would arrive 10 s earlier than the person. So the person can only image that the giant has a negative group velocity. But this is only an illusion. Now we extend the racing distance to 10000 m, the time needed for the giant to complete the race is (10000-250)/9≈1083 s, so the person will arrive at the end point 83 s earlier than the giant. We see from this example that superluminal propagation in anomalous dispersion medium arises from the fact that the spatial length of the pulse is much longer than the medium length, and the negative group velocity is due to inappropriate measuring method. In the experiment of Wang and co-workers, the pulse width is 3.7 us, which corresponds to a giant of over 1 km stature traversing a distance of 6 cm. In the experiment, the temporal shift of the peak of the pulse is determined by comparing the waveforms of the two pulses on the oscilloscope. Under these conditions, it's not difficult to understand negative group velocity observed in the experiment.
It should be noted that in the presence of negative group velocity, each photon of the pulse cannot travel faster than . In order to prove that negative group velocity can only occur at a short distance, we may increase the length of the cell. During the propagation process, there exists a limit for the deformation of the pulse (the advancement shift of the peak), which cannot exceed an half of the whole pulse duration, as shown in Fig. 1 . In other words, the peak of the pulse cannot arrive earlier than the wavefront. Then when increasing the length of the cell, we will observe that the propagation velocity of the peak of the pulse varies from negative group velocity to superluminal velocity, and finally becomes subluminal. When the medium is adequately long, the group velocity will approach phase velocity, i.e., the increased velocity arising from the reshaping effect of the pulse can be ignored. As it's difficult to build a large scale of atomic cell, we will suggest a relatively simpler experiment to test this hypothesis in the next section.
c Fig. 1 The shape deformation of the pulse propagating in anomalous dispersion medium varies with the increasing length of the medium.
Explanation of existing superluminal experiments
There are mainly three types of barriers at present. One is periodical dielectric hetero structure (photonic crystal). When a pulse experiences periodical potential interaction in medium, the frequency of the photons that can pass through the medium must lie within the allowed energy bands. The photons of frequency within the forbidden energy bands cannot traverse the medium as wave propagation. But a small fraction of the photons can tunnel through the medium as particles. For example, the superluminal tunneling has been realized in [1, 2] in this way. The propagation velocity observed in [1] is 1.7 , and the experimental result in [2] has verified the Hartman effect. This type of experiment also includes the barrier tunneling in fiber using Brag reflection [20, 21] . The second type of barrier is undersized waveguide, which corresponds to a rectangular barrier. The height of the barrier is the energy of the photon with cutoff frequency. Microwave with a frequency below the cutoff frequency cannot pass through the waveguide in wave state. Only a small fraction of the photons can tunnel through the waveguide in particle state. The typical one is Nimtz's experiment [4] , where a propagation velocity of 4.7 was obtained for microwave. c We have assumed that tunneling of a particle must occur within its coherence length, which should be twice larger than the barrier thickness. Now we test this hypothesis. In the experiment of [1] , the coherence time of the photons is about 20 fs, so the coherence length is 6 um, while the barrier thickness is 1.1 um. In the experiment of [20, 21] , the central wavelength of the laser pulse is 1.5 um, and the spectral pulse bandwidth is ~2 GHz, so the coherence length is =150 mm, while the maximum barrier thicknesses are 20 mm and 64 mm for single barrier and double-barrier, respectively. In the experiments of [3, 4] , the central frequency of the microwave is 8.7 GHz, and the frequency range of the microwave pulse is 8.2~9.2 GHz, so the coherence length of the microwave pulse is =300 mm, while the maximum length of the undersized waveguide is 114.2 mm. In other experiments, the coherence lengths are unavailable from the original papers.
Our another assumption is that the tunneling of a particle must satisfy the time limit allowed by the uncertainty principle. In the general case, the height of the barrier cannot be determined. For the undersized waveguide whose barrier height is known, we can make a calculation. In the experiments of Nimtz [3, 4] , the cutoff frequency is 9.49 GHz, and the frequency range of the microwave pulse is 8.2~9.2 GHz. According to Eq. (3), we get t Δ =62~274 ps. If the central frequency 8.7 GHz of the pulse is adopted, we have =100 ps. The time interval observed in experiment for the microwave pulse to traverse the 100 mm length of the undersized waveguide is t Δ τ =130 ps, and for the 114.2 mm length of the undersized waveguide the time interval is τ =81 ps. These results are in agreement with Eq. (3). If Hartman's transmission time is used, we obtain t Δ =49~97 ps for the whole spectral width of the pulse, and =61 ps for the central frequency of the pulse. It can be seen that we cannot decide whether Eq. (3) or (4) is correct by Nimtz's experimental results, so more experimental data are needed in order to judge which expression is more reasonable.
t Δ
It should be noted that besides Eqs. (3) and (4), there are also other formulas for tunneling time, such as semiclassical time, complex time, et al. Among them the most appealing ones are the universal tunneling times proposed by Haibel and Nimtz in [22, 23] , and Esposito in [24] . Haibel and Nimtz proposed a simple tunneling time formula which equals the reciprocal of the photon frequency. Esposito added a correction factor to the formula. Their formulas agree with the experimental results well in most cases. Those who are interested in this topic may see [22] [23] [24] .
The third type of barrier is just contrary to the first type. In this case the propagation of a beam of light or electromagnetic pulse in medium is separated by an air gap, which forms a barrier. This type of experiment may date back to Bose's microwave tunneling through double-prism experiment [25] . The recent frustrated total internal reflection experiments (see [9] [10] [11] ) are basically similar to that of Bose, so we discuss Bose's experiment in detail. The schematic diagram is shown in Fig. 2 . We may understand the tunneling process as follows. When the angle of incidence θ is greater than the critical angle, the total reflection will take place. But a Goos-Hänchen transversal shift appears for the reflected ray, i.e. the incident position is at A while the reflected position is at . In order to explain this phenomenon, we suppose that the turning point of the incident ray is at point . Because the photons have spatial extension, the wave packets of the photons actually enter the air gap and their distributions are within the coherence length of 2 . If the entrance thickness is smaller than the thickness of the air gap , the wave packets of the photons reach the second prism, then a small fraction of the photons will be induced out and propagate in the second prism. From Fig. 2 , we have
Now we analyze the experimental data of Bose. Table 1 is the relation between the angle of incidence and the minimum thickness of the air gap required to generate total reflection. Table 2 is the coherence length calculated according to the data in Table 1 . The critical angle in the experiment is 29°. It can be seen from Table 2 that the calculated is 14~16 mm. Taking into account the sensitivity of the measuring device and the experimental uncertainties, we may think that the data in Table 2 agree with Eq. (8). Bose's experiment also indicated that when the air gap is thick sufficiently for total reflection, a portion of the microwave will still be induced out if a thin piece of cardboard or any other refracting substance is inserted into the air gap, which shows that there exist two tunneling processes for the incident microwave, one from the first prism to the inserted substance, the other from the inserted substance to the second prism, and the induced substance is not necessarily the same as the substance upon which the microwave is incident. Similar experiment is the one carried out by Mugnai [26] , where the microwave is incident upon a diffraction grating made of metal strips while it is induced out by a paraffin prism. antennae also belongs to the third type of barrier tunneling, where the air between the transmitting and receiving antennae forms a barrier. When the distance between the two antennae is smaller than half of the coherence length of the microwave, there exists microwave tunneling from the transmitting antenna to the receiving antenna. If the distance is larger than half of the coherence length, superluminal propagation disappears. It should be noted that there exist synchronously evanescent wave and radiant component near the transmitting antenna. The radiant component must be suppressed in order to make superluminal phenomenon obvious. In the experimental setup of [5] , mis-alignment of the receiving antenna makes the evanescent wave component dominated, as shown in Fig. 3 . In the case of Fig. 3(b) , the receiving antenna can receive more tunneled microwave signal, so the superluminal phenomenon is more obvious. On the other hand, the distance between the two antenna walls is smaller compared to the case of Fig. 3(a) , so superluminal phenomenon can be observed at a larger distance of , just as indicated by the experimental results in [5] . In fact, when the two horn antennae are placed face to face, there will also exist tunneling of evanescent wave. But in this case the radiant component dominates, so superluminal phenomenon is too weak to be observed. A similar experiment was carried out by Mugnai [8] , where the evanescent wave is first induced out by a reflecting mirror and then received by a receiving antenna, as shown in Fig. 4 . Due to the time delay caused by the reflection of the mirror, the superluminal phenomenon is not obvious with only a result of 1.053 obtained. In fact, this experiment can be divided into two stages of barrier tunneling, i.e. one from the slit in front of the transmitting antenna to the mirror and the other from the mirror to the receiving antenna. If the receiving antenna is placed at a larger distance, there is only one tunneling process from the slit to the mirror. The principle of this experiment is the same as that of in [26] in essence. In both cases the microwaves are induced out through a narrow slit. The superluminal phenomenon was explained in [8] with X wave, but we think it's more reasonable to explain with evanescent wave. If we try to understand the above experimental phenomena according to classical electromagnetic theory, it can be regarded that there exist oscillating standing waves near the transmitting antenna, or we start with the electromagnetic fields of dipole antenna [27] 
In the near zone, the electromagnetic fields approach
which indicate that the there is energy of electromagnetic fields stored near the antenna besides the energy radiated. In the general case, the stored energy does not radiate outwards and there exists only electromagnetic energy current loop near the antenna. If there is a conductor or other substances within half of the coherence length of the electromagnetic pulse, the stored energy will be induced out. The principle is the same as that of the energy exchange in fiber coupler. The only difference is that the coherence length of the microwave is larger than that of the light, so energy exchange effect can be observed within a larger distance. Because the energy exchange is realized by evanescent wave, superluminal phenomenon will only appear near the transmitting antenna. We have supposed above that even when two horn antennae are placed face to face, there will also exist tunneling of evanescent wave. But the superluminal phenomenon is not obvious. In order to suppress the radiant component, we may replace the horn antennae with waveguides, and then place them within a short distance in order that the tunneling power is larger than the radiant power. The experimental setup is shown in Fig. 5 , where a, b and c are waveguides and the length of the waveguide c is equal to the sum of the length of a and b. The two microwave signals are sent to dual channel oscilloscope to compare the arrival instants of the peaks of the two pulses. In this experiment, we expect that superluminal tunneling can be observed. During the tunneling process, if there exist several times of interactions between a photon and a couple of electrons, the whole traversal velocity of the photon through the barrier may be slower than . For example, in the experiment of [28] , an undersized waveguide was filled with carbon loaded urethane foam. During the tunneling process, a photon may interact with a couple of electrons of the foam. Due to the time delay caused by the absorption-emission process, the tunneling velocity of the photon will slow down. In Nimtz's experiment, a traversal velocity of 0.7 was obtained.
c c As the tunneling process requires time, negative group velocity cannot be present in tunneling experiments. It was predicted in [29, 30] that negative group velocity could be obtained in barrier tunneling using X wave, but the authors only gave out the theoretical results and there are no experimental verifications thus far. It was reported in [31] that negative group velocity was observed experimentally in the near zone of the antenna. The experiment setup is shown in Fig. 6 , where two antennae are placed very close (less than 10mm). The experimental result can be explained as follows. As the two antennae are placed very close, they form a coupling capacitor. In this situation, there exists coupling wave component besides the radiant and evanescent mode components near the antenna, and the coupling wave component dominates. The equivalent electric circuit on the right-hand side can be regarded as a RC circuit, as shown in Fig. 7 . Fig. 6 The experimental setup of Budko. Fig. 7 The equivalent electric circuit of Fig. 6 .
The voltage U o of the load R is
The group delay is
We see from Eq. (15) that as the frequency of the signal increases, the transmission time through the load R decreases, which agrees with the feature of anomalous dispersion. Thus the experimental setup of Fig. 6 can indeed obtain negative group velocity. In fact, a simple RLC bandpass amplifier has been used to demonstrate negative group delay in [32] . From above calculation we see that a simpler RC electric circuit can also obtain negative group velocity. A detailed analysis and experimental demonstration of negative group velocity and superluminal velocity with RC circuit may see [33] . The superluminal velocity and negative group velocity in anomalous dispersion media include many experiments, most of which use the property of different propagation velocities of photons for different frequencies, i.e., the higher the frequency of the photons, the larger the propagation velocity. Thus the peak of the pulse will shift forward. The experiments using transmitted pulses to demonstrate negative group velocity may see [12, 13, 15, [34] [35] [36] [37] , and those using reflected pulses may refer to [21, 38, 39] . In the case of reflected pulses, the higher frequency of the photons, the less time needed for the reflecting process. This results in the reshaping of the pulses. There are also other experiments using the property of different propagation velocities for different polarization components of the pulse to obtain reshaping effect (see [40, 41] ). The principle of these experiments has been explained in the preceding section. They are not the true superluminal propagations.
We have discussed two types of superluminal effects, i.e. barrier tunneling and pulse reshaping. In fact, the two effects may coexist in a same process. For example, there exists barrier tunneling as well as reshaping for a pulse to pass through an undersized waveguide. A microwave pulse comprises large numbers of photons with different frequencies. The higher frequency of the photon, the less energy it needs to borrow from the vacuum, and the longer duration it may possess to traverse the waveguide.
On the contrary, a photon with a lower frequency must traverse the waveguide more quickly. Such interactions lead to the normal dispersion effect, which results in the backward shift of the peak of the pulse. So for an undersized waveguide with small length, the traversal velocity of the microwave pulse may be less than . Only when the waveguide is long enough for the tunneling effect to dominate can superluminal propagation be obvious. In fact, Hartman has predicted theoretically that the traversal velocity of a pulse would be less than for thin barrier [19] , and the experimental verification may see [42] . Our above explanation is easier to understand compared to Hartman's calculation.
c c 2.4 The relationship between superluminality and causality
In the preceding discussions we suppose that superluminal phenomena can exist under certain conditions. Does this violate causality and special relativity? Here it is necessary to distinguish between the speed of signal (information) and that of the individual photons. There are lots of photons with various frequencies in a pulse. The superluminal motion of a portion of the photons will not lead to the superluminal propagation of the whole pulse. In the case of barrier tunneling, only a small fraction of the photons can traverse the barrier. Thus as a pulse passes through a barrier, attenuation of the signal is inevitable. On the other hand, the probabilities of the photons with different frequencies tunneling through the barrier are different. So the signal will be distorted. The more obvious the superluminal motion, the more attenuated and distorted the signal. This is the price we must pay for superluminal propagation. The speed of an attenuated and distorted signal cannot represent the true speed of the signal. In addition, superluminal propagation can only occur within a short range and a short term. So the superluminal motion of a small fraction of the photons does not violate causality.
We now turn to the problem of the tunneling of electron. According to our assumption, once the coherence length of the electron is smaller than twice the barrier thickness, the electron cannot tunnel through the barrier, so it's impossible to use Hartman effect by increasing the barrier thickness to obtain superluminal velocity of electron. On the other hand, suppose the initial velocity of the electron is . If its traversal velocity v through a barrier could reach c , the borrowed energy
would be infinite, which is impossible. So the traversal velocity cannot reach , and the expression c will not be imaginary in any case. In fact, the tunneling of electron can also be regard as the process of wavepacket collapse, and the electron traverses the barrier as a particle. In [23] , the tunneling particles are described by virtual particles. For an electron, if its tunneling velocity is larger than , then we may regard it as a virtual particle. Now we see the experimental results. In the experiment of [43] , the ionization and tunneling delay time of electrons in helium were measured. The experimental results put an upper limit for the tunneling time of 34 as. If a weighted intensity-averaged method is adopted, the tunneling time is 6.0 ± 5.6 as. Let's first estimate the tunneling time according to Eq. (3). The ionization energy of helium is 24.59 eV, which can be regarded as the borrowed energy c E Δ of electron to escape from helium atom, so we get 85 as. The next step is to calculate the tunneling velocity. There is one problem remains unsolved in the experiment: the tunneling distance is unknown. Let's make a rough estimate. Let the tunneling distance be the distance between the orbit of energy level =2 and that of =1, for the tunneling time we take the minimum of the experimental value, that is 0.4 as. The orbital radius of the electron in helium atom is , where is Bohr radius. Then the tunneling velocity is 2× 10 8 m/s. In the experiment of [44] , the semiclassical traversal time in Josephson junction was measured to be the order of 100 ps. Suppose the thickness of the Josephson junction to be the order of 10 nm. Then the tunneling velocity of electron is the order of 100 m/s. In the experiment of [45] , the traversal time for electron tunneling in water was measured. For distances of the order of 1 demonstrate a subluminal velocity of electron tunneling. We think that more precise experimental dada are needed in order to judge whether electron can travel faster than light during the tunneling process.
Proposed optical experiments
Experimental verification of the spatial extension of a single photon wave packet
If we suppose that a single photon is a wave packet occupying certain spatial volume, it's easy to understand the single photon double-slit interference experiment, i.e. one half of the wave packet passes through one slit and the other half through the other slit. Now we test this hypothesis. We make the experiment based on the experimental setup of Aspect and co-workers [18] , as shown in Fig. 8 , where the single photon was obtained from the cascade radiation in calcium. We first verify the fact that the interference outputs of D 1 and D 2 will disappear when the optical path length difference is larger than the coherence length of the photon. We then increase the distance L between the beam splitter (BS) and the reflecting mirror M 2 . We expect that when L is larger than the transverse extension of the photon wave packet (this is equivalent to increase the width of double-slit in interference experiment), the interference phenomenon will also disappear. In fact, such results might be conceived even if we don't make the experiment. What is important is that it gives us the clear evidences that a single photon has certain spatial extension. Similarly, we can imagine that a single electron also has spatial extension, and then it's easy to understand the double-slit interference experiment of single electron in [46] . We can also perform other experiment to test the spatial extension of single photon. Let a highly attenuated laser source emit one photon each time. The single photon is then incident upon a thin glass plate or other medium. When the thickness of the glass plate is less than half of the coherence length of the photon, interference will be observed. If the thickness of the glass plate is properly adjusted, all the photons will be transmitted. We then increase the thickness of the glass plate to let it be larger than half of the coherence length of the photons, interference will disappear, and the behavior of the photons obeys Fresnel's law. This experiment tests the assumption that the extension of the photon in propagation direction is its coherence length.
Experimental test of superluminal propagation within coherence length
According to our assumption, no photons can tunnel through a barrier if the coherence length is smaller than twice the barrier thickness. While in terms of evanescent wave theory, the tunneling probability of photons decreases exponentially with tunneling distance but will not be zero at large distances. In order to test which theory is correct, we make the following experiment. Let a beam of microwave or light pulse be incident upon a photonic crystal or a double-prism, as shown in Fig. 9 . We then gradually increase the thickness of the barrier and measure the power of the tunneled microwave to see whether it decreases exponentially with tunneling distance or the signal is undetectable beyond a certain distance no matter how we increase the power radiated. If it turns out that the latter case is correct, then our assumption holds. In Fig. 9(a) , the photonic crystal may also be replaced with an undersized waveguide. Fig.9(a) Microwave tunnels through photonic crystal. Fig. 9(b) Microwave tunnels through double-prism. However, the above experiments are difficult to realize, for the measuring devices must be very sensitive to low power signal. Here we propose an optical experiment which is relatively easier to realize. We use the experimental setup in [20] , as shown in Fig. 10 , where fiber Bragg gratings are employed to form a photonic barrier and a laser pulse is used to traverse the barrier. Fiber Bragg gratings are optical fiber devices in which the refractive index of the core is modulated along the longitudinal axis with an almost sinusoidal profile of submicrometric period. Compared with Bragg mirrors, the weak Bragg scattering provided by the fiber Bragg gratings enables the use of long barriers. A continuous-wave laser is externally modulated at a repetition frequency of 1 GHz to obtain repeated pulses, and the central wavelength of the laser pulse is 1.5 um. We have calculated in the previous section that the coherence length of the laser pulse is about 150 mm. We may increase the thickness of the barrier to let it be larger than half of the coherence length of the pulse. In this case, the pulses cannot tunnel through the barrier according to our assumption, or even if a small fraction of the photons can traverse the barrier by multi-tunneling process, their traversal velocities will be subluminal. So the superluminal tunneling will disappear according to our expectation. While in terms of the present theory, a larger superluminal velocity should be observed. Thus from the experimental result we can determine which assumption is correct. It should be noted that practical signals are never genuinely bandwidth limited, there always exist non-evanescent waves traveling through the barrier. In fact, it was pointed out earlier by Hartman that when the barrier is very thick, the spectral components just above the cutoff frequency will dominate and the transit time is approximately equal to time required for the incident wave packet to traverse a distance of the barrier thickness [19] . So we must ensure that the tunneling components dominate in order to verify the above assumption, and a low-pass filter may be used to suppress the spectral components above the cutoff frequency of the barrier.
Laser pulses
In order to eliminate the influence of the photons with energy higher than the barrier height, another method is to use barrier tunneling of single photon, as shown in Fig. 11 . A pair of linearly polarized photons with the same energy are generated by type-I non-collinear down-conversion. One photon travels in the air and the other tunnels through a barrier. Two interference filters (IF) are used to pick out the photon pairs with appropriate frequency. The photons are detected by single photon detectors D1 and D2, respectively. The outputs of the detectors are then sent to coincidence detection circuit. We expect that when the thickness of the barrier is larger than half of the coherence length of the photon, the coincidence counting rate is zero. While in terms of the present theory, the coincidence rate decreases exponentially with the barrier thickness but will not be zero. 
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Experimental test of subluminal propagation in anomalous dispersion medium
We have supposed that the superluminal phenomena in anomalous dispersion media are the consequence of reshaping of the pulse, and superluminal propagation will disappear at large distances. As the experiment of Wang and co-workers is difficult to realize on a large scale, while it's easy to realize by using tunneling of electric pulse through a coaxial photonic crystal, we adopt the methods in [35] and [36] , where the experimental setups are similar. The main difference is the use of a coaxial photonic crystal in [36] with a higher impedance mismatch that permits access to a negative group velocity of -1.2 , while the experiment in [35] only obtained the results of 2~3.5 . In terms of our theory, when the length of the coaxial cable increases, the propagation velocity of the peak of the pulse will vary from negative group velocity to superluminal velocity, and finally becomes subluminal. Suppose we adopt the experimental setup of [35] , whose simplified sketch is shown in Fig. 12 . One output of the signal generator is connected directly to the oscilloscope as the reference signal, and the other output passes through a photonic crystal made of alternating quarter-wavelength segments of two different impedance coaxial cables. Now we estimate the length L required for the photonic crystal to obtain subluminal velocity of the electric pulse. The phase velocity of the electric pulse in both segments is 0.66 in [35] . Suppose the peak of the pulse can shift at most earlier to the wavefront. For a pulse with duration of 2us adopted in the experiment of [35] , we have It follows m. By contrast, the length of the coaxial cable used in [35] is 120 m. In fact, the peak of the pulse cannot shift to the wavefront, so it's likely that we can observe subluminal propagation at a length less than 600 m. As the signal amplitude attenuates exponentially with the 600 ≥ L length of the cable, the pulse signal must be amplified in order to be observed on the oscilloscope.
It should be noted that above prediction only holds for the situation where the length of the photonic crystal is larger than the coherence length of the pulse, otherwise the group velocity will fluctuate with the length of the photonic crystal. This can be seen from the expression of index of refraction [35] D c n r
where ω is the angular frequency of the pulse, and φ is the overall phase shift accumulated through the crystal of length D , and we have [35] π φ
where is the complex coefficient of electric field transmission through the whole crystal. As is also dependent on the length of the crystal, the group velocity of the pulse will fluctuate with D, just as indicated in the experiment of [47] , where the pulse duration is 10 us, and the coherence length is much larger than the crystal length.
t t
Another important point for the above verification experiment is that we must rule out the influence of the spectral components beyond the anomalous dispersion region. As pointed out in [35] , a very short pulse or a step function is not expected to propagate at superluminal speeds because of its excessive spectral width. Furthermore, it was pointed out in [48] that even when the spectral width of the initial pulse lies well within the anomalous dispersion region, the strong attenuation of these spectral components will result in the dominance of normally dispersive spectral components that suffer from lower dissipation. So even though subluminal propagations of ultra-short pulses through anomalous dispersion media have been observed in [49, 50] , they cannot be used as the convincing evidences for our assumption. In [49] , an electric pulse with the duration of 2.4 ns was used to pass through a coaxial photonic crystal, the group velocity slowed down to 0.67 , only a little larger than the normal propagation velocity of 0.66 . While in [50] , a superluminal to subluminal transition has been observed with femtosecond laser pulses in an absorbing dye solution through a short to a long range of propagation distance. In order to unambiguously verify our assumption, a band-pass filter must be used to suppress the spectral components beyond the anomalous dispersion region, which also applies to our above proposed experiment.
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In the experiment of [40] , reshaping effect is obtained by the different propagation velocities of different polarization components of linearly polarized light in birefringent optical fiber. If we increase the length of the fiber, similar experimental result will be obtained. But in that experiment, the length of the fiber must be chosen so that the propagation time difference between the two polarization components in the fiber is less than the coherence time of the pulse, thus its length is limited.
Conclusion
When light propagates as a wave train in vacuum or medium, its velocity cannot be superluminal. In the presence of a barrier, a small fraction of the photons can tunnel through the barrier as particles (evanescent wave) and their velocities can exceed . But this superluminal state can only last within the coherence length and a short term. For a particle with non-vanishing mass, its velocity cannot be superluminal whether in wave or particle state due to the uncertainty principle. Superluminal propagation is always accompanied with attenuation and distortion of the signal. As for the superluminal propagation in anomalous dispersion medium, we may regard it as the consequence of c reshaping of the pulse. At large distances the propagation velocity of the pulse will be subluminal. So it's not practical to realize superluminal communication with existing experimental devices. Both of the two superluminal effects are not at odds with causality. The above proposed experiments can be used to further test superluminal phenomena.
